In this work we analyze clusters between the methoxy radical ͑CH 3 O, an open-shell molecule͒ and the nonpolar solvents Ar, N 2 , CH 4 , and CF 4 . CH 3 O is formed through the photolysis of CH 3 OH vapor in a supersonic expansion of CH 3 OH and a solvent gas ͑Ar, N 2 , CH 4 , CF 4 ͒ seeded in a carrier gas of He. The radical and solvent molecules are cooled to ϳ15-20 K and form clusters. These clusters are probed using laser induced fluorescence ͑LIF͒ of the CH 3 O radical. An extensive set of calculations, including ab initio and atom-atom potential calculations and rotational contour simulations are performed for each cluster in order to elucidate the cluster structure and the nature and relative importance of the limiting types of interactions that are responsible for cluster binding. A final minimum energy structure is presented for each cluster, together with the analysis of the limiting type of interactions that generate the van der Waals binding of the cluster. © 1997 American Institute of Physics. ͓S0021-9606͑97͒01033-7͔
I. INTRODUCTION
The study of van der Waals clusters serves many purposes; intra-and intermolecular dynamics, 1 energy transfer, 2 unimolecular dissociation, 3 solvation, 4 chemical reactions, 5 potential energy surfaces, 6 collisional processes, 7 and molecular orientation during collisions 8 can all be studied through the spectroscopy of van der Waals clusters.
Experimental determination of cluster structure is by no means a simple task. Clusters are more often than not highly nonrigid, 9 and this characteristic is often quite difficult to ascertain in the observed spectrum. 10 Calculations of cluster structure also present a number of difficulties at the level of either semiempirical or ab initio theory. At the semiempirical, potential energy surface level, one must determine the nature and form of the potential or force term that must be considered for the pairwise interactions. These can include a number of different terms depending on the nature of the molecules comprising the cluster or system ͑e.g., multipolar, dispersion, hydrogen bonding, charges, charge-transfer͒. Potential terms are often of an atom-atom type with forms such as Lennard-Jones, 11 Morse, 12 exponential-six, 13 or more specialized versions for particular systems. 14, 15 Open shell molecules or radicals can present especially difficult problems for such cluster-interaction studies; nonetheless, such systems are of particular importance because they are central to much of the chemistry active in all three phases of matter. Because of the open shell structure of radicals, their interaction with other molecules can be quite strong; some systems display interactions whose strengths can fall between those of electrostatic interactions and chemical bonds. 16 Success in modeling these strong interactions of open shell species with simple molecules will shed light on the nature of their reactions and energy transfer processes.
In this report, we present data for the important and well studied 17 combustion species, the methoxy radical CH 3 O, solvated by Ar, N 2 , CH 4 , and CF 4 in van der Waals clusters. The apparent simplicity of these cluster systems notwithstanding, they present a rich variety of structures, interactions, and dynamics. In these van der Waals clusters, the solute CH 3 O is an open shell system with an unpaired electron in an almost pure oxygen 2 p orbital. Several theoretical 18 and experimental 19 studies have addressed the Jahn-Teller distortion and dissociative properties of the methoxy radical.
van der Waals complexes containing even simple radicals are often difficult to model because the nature of the interactions between the radical and the solvent molecules can be very specific and solvent molecule dependent; for example, the CH 3 O/Ar cluster interactions should have major contributions from dispersion and charge transfer terms, 20 the CH 3 O/N 2 cluster interactions should have major contributions from quadrupole terms; 21 the CH 3 O/CF 4 cluster interactions should have major contributions from Coulombic terms, and the CH 3 O/CH 4 clusters interactions can have contributions from reaction processes. A unique form, into which these various detailed interactions can be cast, is often difficult to find. Data obtained from electronic spectroscopy of such clusters can be employed to evaluate the interactions, structure, and energy levels of solvated radicals. In these studies we employ a Lennard-Jones-Coulomb atom-atom potential form to model the geometries, energetics, and normal modes of CH 3 O/Ar, N 2 , CF 4 , CH 4 clusters. This type of empirical potential energy surface calculation gives qualitative ͑and in some instances quantitative͒ descriptions of cluster structures, binding energies, and van der Waals mode frequencies.
An alternative approach would be to use ab initio quantum theory to model cluster properties and potential energy surfaces; physical chemists are presently learning how to accomplish this through large correlation corrected basis sets and extensive configuration interaction techniques. This fundamental and essential approach does, however, tend to limit our ability to generalize the overall complex cluster interaction surface into particular limiting, useful, and informative functional forms.
The elucidation of cluster structure and energetics pro-ceeds from the laser induced fluorescence spectroscopy of methoxy radical clusters. These data yield rotational envelopes, vibrational energy ͑van der Waals and molecular͒, and free molecule-to-cluster energy shifts for 1:1 and 1:2 CH 3 O/solvent clusters. These spectroscopic results are then modeled through a combination of ab initio, potential energy surface, normal mode, and rotational envelope calculations. Through comparisons of experimental results with the models, cluster binding energies, structures, and van der Waals modes are determined. For the clusters discussed in this paper, the presented calculations find that two cluster minimum energy conformations, with similar binding energies, are available to each CH 3 O͑solvent͒ 1 species. The identification of one of these structures with the experimental results is made through a comparison between predicted and observed spectroscopic shifts, vibrational frequencies, and rotational contours of the cluster vibronic transitions. Based on these determinations, the relative contributions of different interactions to the cluster potential surface are briefly discussed.
II. PROCEDURES

A. Experiment
The experimental setup has been described elsewhere. 21, 22 Briefly, the experiments have been carried out in a stainless steel vacuum chamber at a pressure of ϳ10 Ϫ4 Torr. To produce the clusters, CH 3 OH vapor is mixed with He carrier gas and the clustering agent. The mixture passes through a pulsed valve ͑General Valve 0.7 mm nozzle diameter͒ and expands in the chamber, producing both cooling and cluster formation. Typical pressures and concentrations vary from one solvent to another, but are in the range of 150-500 psi for the expansion gas with a stagnation pressure concentration of 10%-20% for the solvent gas. Cooling is one of the most critical parameters in this study. CH 3 OH photolysis produces extremely hot radicals. The vibrational-translational energy transfer process that cools the CH 3 O radical is not very efficient, due to the radical's high vibrational frequencies; 23 many collisions are required to reach the low temperature necessary for the cluster formation process to take place. Higher stagnation pressures are then required if compared to those needed for the cooling and clustering of stable molecules. 4 An ArF excimer laser ͑193 nm͒, with output power of ϳ80 mJ/pulse, aligned collinearly with the supersonic expansion axis and focused with a 15 cm lens is used to photolyze the methanol precursor and produce the radicals. The nozzle has a 1 cmϫ1 mm quartz tube at its exit which confines both the laser and molecular beams as the nozzle opens. The excimer light is aligned so as not to ablate the polymer poppet that opens and closes the pulsed nozzle. The photolysis of CH 3 OH occurs within this quartz tube. Cooling of CH 3 O below 300 K and cluster formation occur as the gas ͑He, CH 3 O, solvent͒ expands from the quartz tube into the vacuum chamber. A second laser ͑a Nd/YAG-dye couple system͒ is used to probe the radicals about 2 cm downstream from the tube. The fluorescence emission is collected perpendicularly to the laser/molecular jet plane and detected by a C31034A RCA photomultiplier tube. A U330 filter is employed to attenuate scattered light from the excimer laser.
B. Theory
In order to understand and analyze the experimental results, an extensive series of calculations is performed on each solute/solvent system. Cluster structure is determined by employing a potential energy calculation based on an atom-atom Lennard-Jones Coulomb potential energy function. 9, 24 The program considers the molecules as rigid entities during cluster formation, and determines the interaction energy as a sum of different terms: short range repulsion, induction/dispersion, electrostatic, hydrogen bonding, etc. The potential energy surface for the interaction between the atoms is given by [25] [26] [27] [28] 
m is the electronic mass, ␦ i j is 1 when the atoms can form hydrogen bonds and 0 in the rest of the cases, q i ,q j are the atomic charges, D is the dielectric constant, r min is the sum of van der Waals radii and is different for each pair of atoms, ␣ i are the atomic polarizabilities and are evaluated from experimental data, N i is the effective number of electrons for each atom type, and r i j is the distance between atoms i and j of different molecules. All the parameters in Eqs. ͑1͒ and ͑2͒ are available for the ground state systems, except the atomic charges. Atomic charges are calculated using an ab initio package ͑GAUSSIAN 94͒ ͑Ref. 29͒ and experimental geometries. A Mulliken population analysis is employed to determine the charge density on each atom. The charge density found for each atom is shown in Table I, together with the theory level used for its determination.
The parameters needed to formulate and solve the system of equations represented by Eqs. ͑1͒ and ͑2͒ above are not available for the excited states of molecules and radicals. Calculations provide the partial atomic charges but not the excited state atomic van der Waals radii and atomic polarizabilities. To solve this problem and obtain excited state cluster binding energies ͑in order to calculate cluster spectroscopic shifts͒ we calculate the atomic partial charges for the excited state of CH 3 O and use them in the calculation of the excited state binding energy and geometry of the CH 3 O͑Ar͒ 1 cluster. The carbon and oxygen potential terms A i j and C i j are then adjusted through ␣ i and r i ͑van der Waals radius of atom i͒ to obtain a best fit for the gas to cluster shift for the CH 3 O͑Ar͒ 1 cluster. These values for A i j and C i j of carbon and oxygen are then used throughout the remaining excited state cluster calculations. The above approach seems more reliable at the present time than calculating atomic charges, radii, and polarizabilities for the excited states of radicals.
Excited state parameters thus obtained for the potential energy surface yield shifts that are only in some instances quantitatively correct, but are usually always of qualitative accuracy. These results for excited state cluster geometry, however, allow good rotational constants and vibrational frequencies to be generated.
The van der Waals modes of the cluster can be found by a normal coordinate analysis of the cluster employing the FG matrix method of Wilson et al. 30 Assuming that intramolecular vibrations are not coupled to the low-frequency intermolecular modes, this calculation will generate all the intermolecular vibrations and their eigenvectors. 31, 32 Calculation of excited state frequencies will be influenced by the inaccurate determination of the excited electronic state potential energy surface and binding energy; nonetheless, the resulting frequencies can still serve as a guide for spectral assignments if the potential energy barriers between multiple equivalent minima on the potential energy surface are large with respect to the calculated ''harmonic'' mode energy.
Sometimes atom-atom potential energy surface calculations lead to more than one minimum energy structure for a cluster. The structures can exhibit binding energies that are so similar that the calculation itself is not sufficient to assign the experimental spectrum to one of the isomers. The correct cluster structural assignment can be given by a rotational contour analysis based on the calculated geometries. A program that finds the eigenvectors and eigenvalues of an asymmetric rigid rotor rotational Hamiltonian 33 is used to simulate the rotational contour for each of the studied clusters and structures. The program uses as input the laser resolution, the rotational temperature, the type of band ͑Hund's cases a, b, c, or their percentages͒, and the rotational constants for both ground and electronic excited states based on a particular calculated cluster structure. The comparison between the calculated rotational spectrum for each cluster and the experimental data are sufficient in most of the cases to confirm unequivocally the actual cluster geometry.
III. EXPERIMENTAL RESULTS AND STRUCTURE DETERMINATION
A. Methoxy radical
The CH 3 O radical geometry undergoes a large change upon electronic excitation. The first electronic state of CH 3 O is formed by the excitation of an electron from a bonding carbon-oxygen orbital to a nonbonding orbital on the oxygen atom. 34 This induces the CO bond length to increase from 1.363 Å in the ground state to 1.58 Å in the excited state. 35, 36 The Franck-Condon factors will then favor vibronic transitions with significant changes in the vibrational quantum numbers for the C-O vibrational excitation. The origin for the A←X electronic transition will then be very weak. This can be observed in Fig. 1 , in which the CH 3 O electronic spectrum is shown for the 0 0 0 , 3 0 1 , and 3 0 2 and 2 0 1 transitions. The 3 mode corresponds to the CO stretch, and the 2 mode corresponds to the CH 3 umbrella motion; 3 2 and 2 1 create a Fermi resonance couple. Ϫ1 from the bare molecule peaks are due to the CH 3 O͑Ar͒ 1 cluster, and the doublets red shifted 55 cm Ϫ1 from the CH 3 O peaks are due to the CH 3 O͑Ar͒ 2 cluster. Due to the near coincidence between TABLE I. Atomic partial charges, polarizabilities, and van der Waals radii for the cluster potential energy surfaces used in the atom-atom potential calculation ͓Eqs. ͑1͒ and ͑2͔͒. The charges and other potential parameters change on the methoxy radical with electronic excitation A←X but not on the solvent species. Atomic charges are calculated employing a Mulliken population analysis. See text for more details.
B. Methoxy/argon
Molecule Atom
Charge Calculation level is detected, probably due to its low intensity. The spectra are in good agreement with those published previously. 37, 38 In the earlier studies, the cluster geometry was assumed to be collinear, with the Ar atom close to the oxygen end of the CH 3 O molecule and lying on the molecular axis. This assignment was based on the doublet nature of the unresolved rotational structure, that resembles a P -R branch structure, typical of a Hund's case b molecule; 39 that is, the same type of transition as found for the bare molecule. This expectation suggests that the argon atom should be placed in the cluster such that it does not change the electronic transition dipolar moment. This condition is fulfilled only if the Ar atom is placed on the CH 3 O molecular axis. Powers et al. 37 chose the CH 3 O oxygen end as the most probable position for the Ar atom.
As described in the previous section, an atom-atom potential calculation is carried out in this study to elucidate cluster structure. This calculation yields two different minimum energy structures, labeled as CH 3 O͑Ar͒ 1 isomers 1 and 2 in Figs. 3͑a͒ and 3͑b͒. For isomer 1 ͑calculated E B ϭ170 cm
Ϫ1
, see Table II͒ the Ar atom is placed on the molecular axis, attracted to the H's. This is a similar structure to the one described by Powers et al., but with the Ar placed in the other end of the molecule. With the level of approximation used in our work, a structure with Ar attracted to the oxygen end of CH 3 O is not an energy minimum. For isomer 2 ͑calculated E B ϭ190 cm Ϫ1 ͒ the Ar atom is placed about halfway between the carbon and oxygen atoms and above the C-O bond, probably attracted by the electron density of the , C-O bond. This is the more stable isomer, but its stabilization or binding energy is very similar to that of isomer 1 ͑see Table II͒. The excited state calculated binding energy for the CH 3 O͑Ar͒ 1 cluster is initially obtained by using the ground state values for atomic polarizabilities and van der Waals radii and the excited state partial atomic charges. This potential energy surface leads to a blue shift of 7 cm Ϫ1 for isomer 1 and a red shift of Ϫ1 cm Ϫ1 for isomer 2. Even though this calculation is successful in predicting the most stable isomer spectral shift sign, the result is quantitatively poor. As has been pointed out in the previous section, this is due to the lack of data for CH 3 and van der Waals radii, so Eqs. ͑1͒ and ͑2͒ cannot be properly applied with appropriate parameters for excited state CH 3 O. To address this difficulty, an estimation of the unknown CH 3 O excited state polarizabilities and van der Waals radii is generated, using as a reference the ground state values and the experimental spectral shift for CH 3 O͑Ar͒ 1 isomer 2 ͑this assumes that the experimental spectrum corresponds to this cluster, a fact that will be confirmed below͒. We assume that upon excitation, the oxygen atom parameters will change more than the carbon atom parameters and that the hydrogen parameters are unchanged because the excitation represents promotion of an electron from the CO bond , -system to a pure oxygen p orbital. Taking these assumptions, a change of ϳϩ20% for the oxygen and a change of ϳϩ7% for the carbon polarizabilities and van der Waals radii are required to achieve the desired cluster shift for CH 3 O͑Ar͒ 1 . These new values of ␣ and r ͑see Table I͒ are used without further modification in the rest of the calculations, including those for CH 3 O͑Ar͒ 2 . All the rotational line shape simulations improve their agreement with the experimental result after using the new set of parameters to calculate cluster geometries.
The atom-atom potential calculations generate two different isomers with similar binding energies for all the 1:1 clusters. In Fig. 2 we see that only one of these isomers ͑probably the calculated most stable one͒ is present in the spectrum, at least for CH 3 ͑Ar͒ 1 . In order to determine which of the calculated isomers corresponds to the experimental spectrum, a rotational line shape simulation using the rotational constants from geometries given in Figs. 3͑a͒ and 3͑b͒ ͑see Table III͒ is 
2 feature. This coincidence is not found for the rest of the clusters and this peak is the one that leads to higher signal/noise ratios; however, in order to follow a systematic procedure, all the comparisons between theoretical and experimental traces will be shown using CH 3 O͑X͒ n 3 0 1 transition. Figure 4 shows good agreement between the rotational simulation for isomer 2 and the experiment line shape; the isomer 1 simulation is totally different from the experimental result. We can conclude that the observed cluster spectrum corresponds to CH 3 O͑Ar͒ 1 isomer 2. We do not know if only one isomer forms in the expansion or if both form, but the higher energy one surmounts the 20 cm Ϫ1 barrier ͑calculated, see Table II͒ separating the two theoretical isomers during the cooling process and the CH 3 O͑Ar͒ 1 clusters then remain in the lower energy structure.
For the CH 3 O͑Ar͒ 2 cluster, calculations again yield to two different isomers ͓see Figs. 3͑c͒ and 3͑d͔͒ with calculated binding energies of 444 cm Ϫ1 for isomer 1 and 457 for isomer 2. In isomer 1, one of the Ar atoms is placed close to the oxygen, attracted to the C-O bond electron density, with the second one close to two of the CH 3 O H atoms. Both Ar atoms are on the same side of the CH 3 O. In isomer 2 ͓see Fig. 3͑d͔͒ both Ar atoms are attracted to the C-O bond. Each Ar atom position with respect to the C-O bond is very similar to the Ar atom position for the 1:1 cluster isomer 1 ͓see Fig. 3͑b͔͒ . Using the corrected parameters from the CH 3 O͑Ar͒ 1 calculation, we obtain excited state binding energies of 480 cm Ϫ1 and 513 cm Ϫ1 for isomers 1 and 2, respectively. This leads to predicted red shifts of Ϫ36 and Ϫ56 cm Ϫ1 for isomers 1 and 2, with isomer 2 in good agreement with the experimental value of Ϫ55 cm
. The data seem to confirm that the experimental spectrum belongs to isomer 2. A further test is given by the rotational simulation ͑Fig. 4͒. As can be seen, the simulated rotational contours for isomer 1 and isomer 2 are almost identical. The rotational simulation is successful in reproducing the double peak of the experimental spectrum, but is not able to reproduce the separation between peaks ͑5 cm Ϫ1 in the experimental spectrum, only 2 cm Ϫ1 in the simulated one͒. This can be due to small differences between the calculated positions of the Ar atoms and the actual ones. The potential of these highly dynamic, weakly bound complexes is so shallow that a difference of Ϯ0.1 Å in the relative position of the species comprising the cluster does not change the binding energy, but is sufficient to change the rotational constants. For example, in CH 3 O͑Ar͒ 2 , a change of ϳ0.15 Å in the position of one of the Ar atoms, leads to a change of only ϳ0.8 cm Ϫ1 in the binding energy, but a 5%-8% change in the rotational constants. The same type of very shallow potentials have been found in other clusters, for example, OH-Ar, 7 OH-Ne, and OD-Ne. 40 In summary, we find theoretically two different isomers for CH 3 ͑Ar͒ 1 and CH 3 O͑Ar͒ 2 clusters, with very similar binding energies. In both cases, only one of these isomers appears in the experimental spectra, the calculated most stable one. The rotational contour simulation for CH 3 O͑Ar͒ 1 strongly supports the atom-atom potential calculations; but for CH 3 O͑Ar͒ 2 the similarity between the simulated spectra of both isomers makes this calculation inconclusive. We assume that only the most stable calculated isomer generates the 1:2 cluster spectrum. Table  IV͒ as is found for CH 3 O͑Ar͒ n clusters ͑see Table IV͒. It is possible for three of the vibrations ͑3 0 1 , 3 0 2 , and 2 0 1 ͒ to distinguish a weak cluster feature 65 cm Ϫ1 from the main one, with a similar shape. This peak is probably due to the cluster vibronic ͑͒ transition involving the stretching vibration in the excited state.
C. Methoxy/nitrogen
Calculation of CH 3 O͑N 2 ͒ 1 cluster structure requires the introduction of the well-known N 2 quadrupole moment by adding a pair of charges ͑see Table I͒ Table I . Again the atom-atom potential calculation leads to two different isomers ͑see Fig. 6͒ . The structure labeled as isomer 1 (E B ϭ270 cm
Ϫ1
) has the N 2 molecule attached to the H atom end of CH 3 O, with its molecular axis coincident with the CH 3 O molecular axis. This structure resembles the one found for CH 3 O͑Ar͒ 1 isomer 1 ͓see Fig. 3͑a͔͒ .
In isomer 2, the N 2 molecule lies in the plane formed by the C and O atoms and one of the H atoms, with the N 2 molecular axis forming an angle of ϳ46°with the CH 3 O molecular axis. A projection of the N 2 molecule bond axis on the C-O bond is centered on the O atom, suggesting that one of the N atoms is coordinated to both the C and O atoms of CH 3 O. The other N atom is away from the CH 3 end of the CH 3 O radical as depicted in Fig. 6 for isomer 1͒. The calculated shift for isomer 2 is closer to the experimental one than that for isomer 1 ͑see Table II͒ . The atom-atom potential energy calculation suggests that isomer 1 is the most stable structure, but the experimental shift (Ϫ124 cm
) is closer to the calculated one for isomer 2 (Ϫ89 cm Ϫ1 ) than to the one for isomer 1 (Ϫ8 cm Ϫ1 ). Assuming that the peak at 65 cm Ϫ1 corresponds to the stretching vibration, this value lies halfway between the calculated excited state stretching frequencies of isomer 1 (55 cm
) and isomer 2 (80 cm
). The rotational simulation in Fig. 7 shows good agreement between the isomer 2 rotational contour and the 3 0 1 experimental one. The agreement between simulated and experimental spectra is even better for CH 3 O͑N 2 ͒ 1 3 0 2 and 2 0 1 peaks, but as explained above, the comparison between simulated and experimental rotational contours will be always done for the CH 3 O͑X͒ n 3 0 1 peak. While the atom-atom potential calculations indicate that isomer 1 is slightly more stable, rotational simulations indicate that the spectra shown in Fig. 5 correspond to CH 3 O͑N 2 ͒ 1 isomer 2; either isomer 1 is not stable in the expansion or its spectrum is not detected. The ground electronic state binding energy could be overestimated by the additional charges employed to simulate the N 2 quadrupole moment. If the charges are not employed, isomer 2 is more stable by ϳ20 cm
; the calculated shifts are much worse without the N 2 quadrupole addition to the potential function, however.
D. Methoxy/methane
The low signal intensity obtained for the CH 3 O͑CH 4 ͒ 1 cluster prevents its detection at the weak 0 0 0 transition; in Fig. 8 Making a comparison with the same reactions for OH, 42 Wantuck et al. concluded that the high disappearance constant is due to a reactive contribution ͓i.e., Eq. ͑5͔͒. If such a reaction is a reality, the cluster must be formed in the reactive entrance channel, far away from the transition state. Otherwise, the cluster spectrum should be broad, as found for benzyl radical/ethylene system. 22 A comparison between the simulated and experimental rotational contours ͑Fig. 10͒ shows that the experimental spectrum is broader and less well resolved than the calculated one for isomer 2; nonetheless, the calculated isomer 2 is clearly the proper structure based on the shift and rotational contour calculations. No CH 3 O clusters are detected with the solvent molecules CF 3 H, C 2 H 6 , C 3 H 8 , and CO 2 . The reactions cross sections for all these molecules are larger than that for CH 4 . 42 The same type of potential energy calculations have been carried out for the benzyl radical ͑CH 4 ͒ 1 cluster. 22 In this latter instance the agreement between calculated and experiment shifts are excellent; the calculated shift is Ϫ35 cm Ϫ1 and the observed shifts are between Ϫ29 cm
Ϫ1
and Ϫ39 cm
, depending on the vibronic feature accessed. The most remarkable difference between the benzyl radical ͑CH 4 ͒ 1 and CH 3 O͑CH 4 ͒ 1 clusters is that in the first case a reaction is not anticipated while in the second case one is anticipated.
In order to perform a further test on this reaction hypothesis an effort has been undertaken to detect the products from reaction ͑5͒ ͑CH 3 OH and CH 3 ͒. This detection has not been possible with the LIF technique, because the CH 3 OH and CH 3 absorption bands lie in the vacuum ultraviolet, beyond the range of our photomultiplier tubes, so an attempt to identify CH 3 O and its clusters through mass detection was initiated. To the best of our knowledge, the only observation of CH 3 O by mass detection is due to Long et al. 43 using a Rydberg state and a 2ϩ1 REMPI process. To date, no REMPI spectrum using the A state in conjunction with mass detection has been published. We can repeat the results of Ref. 43 , but we could not detect CH 3 O from 1ϩ2 REMPI process employing the A state. Additionally, a number of fragments are detected; the same Rydberg state spectrum can be recorded using mass channels 31 ͑CH 3 O) and 29 ͑HCO͒. We suggest that the reason the 1ϩ2 REMPI ionization and subsequent mass detection of CH 3 , CH 3 O, HCO, etc., does not yield a spectrum of the A 2 A 1 state is very rapid relaxation processes at the resonant intermediate state generated by the second photon absorption. We have tried to tune the laser to different spectral regions, but to no avail. Perhaps a ϳ100 fs laser pulse could generate such mass detected radical and cluster spectra.
E. Methoxy/tetrafluoromethane
CH 3 O͑CF 4 ͒ 1 is the strongest bound cluster of the four studied in this work. The interactions between the electronegative fluorine atoms and the electron density surrounding the C-O bond leads to high binding energies and large cluster shifts. Figure 11 shows the CH 3 O͑CF 4 ͒ 1 spectra at the 0 0 0 , 3 0 1 , 3 0 2 , and 2 0 1 CH 3 O transitions. In two of the regions ͑vi-brations 3 0 1 and 3 0 2 and 2 0 1 ͒, the spectrum is composed of a few features, but for the origin, due to the weaker signal, only one cluster transition is observed. According to the pressure behavior of the different peaks, we assign the double peaks at 32 016 and 32 673 cm Ϫ1 as due to the CH 3 O͑CF 4 ͒ 2 cluster and the rest of the non-CH 3 O transitions as belonging to the 1:1 cluster. The shift is almost the same for all the bare molecule vibrations; ϳ141 cm Ϫ1 for the 1:1 cluster and 298 cm Ϫ1 for the 1:2. As with the other CH 3 O/solvent clusters, the atom-atom potential calculations for CH 3 O͑CF 4 ͒ 1 lead to two different structures, depicted in Fig. 12 . Isomer 1 has a very similar structure to that for CH 3 The CH 3 O͑CF 4 ͒ 1 isomer 2 structure is also very similar to that of the CH 3 O͑CH 4 ͒ 1 isomer 2, but in this case the solvent molecule is tilted, such that one of the C-F bonds points toward the CH 3 O C atom, rather than a C-F bond being parallel to the C-O bond. According to the calculation, this is the more stable isomer ͑E B ϭ560 cm Ϫ1 compared with E B ϭ371 cm Ϫ1 for isomer 1, see value, Ϫ140 cm
Ϫ1
, is ϳ100 cm Ϫ1 smaller than the calculated shift for isomer 2 (Ϫ247 cm
) and about 130 cm Ϫ1 larger than the calculated shift for isomer 1 (Ϫ9 cm Ϫ1 ); the excited state intermolecular interaction seems to be overestimated for this cluster if indeed isomer 2 is the accepted cluster structure.
A comparison between calculated and experimental values for the stretching vibration shows a good agreement between the calculated isomer 1 stretching mode and the experimental value ͑58 compared to 59 cm Ϫ1 ͒, while the value for the stretching mode of isomer 2 is too large (76 cm
). But as the binding energy for the excited state of isomer 2 seems to be overestimated, one can expect that the calculated vibrational frequencies of isomer 2 would be too large, as well.
The rotational envelope simulation for the vibronic bands of this cluster is not useful for determining cluster structure. If one visualizes the cluster as a big mass ͑the CF 4 molecule͒ with a small mass ͑the CH 3 O radical͒ attached to it in two possible ways, one sees that the two different isomers should have very similar rotational constants ͑see Table  III͒ . As can be seen in Fig. 13 , the rotational envelope simulation for both isomers is almost identical. We assume that the spectrum corresponds to CH 3 ). Again, the rotational simulation is of little help here ͑see Fig. 13͒ and it is not successful in reproducing the double peak found in the experimental spectrum. Thus we assume that the experimental spectrum corresponds, as for the rest of the clusters, with the calculated most stable CH 3 O͑CF 4 ͒ 2 isomer 2 cluster.
IV. DISCUSSION
All the solvent molecules used in this study are nonpolar. The clusters between them and the CH 3 O radicals FIG. 13 . Comparison between experimental and simulated rotational contours for the CH 3 O͑CF 4 ͒ n (nϭ1,2) 3 0 1 transitions. The simulation is not helpful for assignment of cluster structure, due to the similarity of the rotational contours for both isomers.
FIG. 14. Calculated structure for five different isomers of CH 3 O͑CF 4 ͒ 2 . The strong interaction between CF 4 molecules suggests a structural model of the CF 4 dimer solvating the CH 3 O radical. This limiting structure is particularly obvious for isomers 4 and 5 but can be envisioned for all the isomers. present significant structural similarities. For all the 1:1 clusters, two different isomers are found; isomer 1 has the solvent molecule attracted to the H atom end of the CH 3 O radical; and isomer 2 has the solvent molecule attracted by the charge density around the C-O bond. In all the clusters but one ͓CH 3 O͑N 2 ͒ 1 ͔, isomer 2 is the energetically most stable conformer for the ground electronic state. For CH 3 O͑N 2 ͒ 1 , a pair of charges are introduced at 0.25 Å from each N 2 atom ͑on the bond axis͒ in order to simulate the N 2 quadrupole moment ͑see Tables I and II͒ . In this instance we choose cluster isomer 2 as the observed one based on the cluster shift calculation, the rotational contour simulation, and the overall systematics of this series of CH 3 O/solvent clusters.
The CH 3 O͑X͒ 2 clusters also seem to evidence a systematic class of structures. A comparison of CH 3 O͑Ar͒ 2 and CH 3 O͑CF 4 ͒ 2 isomers 1 and 2 shows that, in both sets of clusters, the solvent molecules are placed in similar positions.
Despite the nearly degenerate ground state binding energies for some of the cluster isomers ͓e.g., CH 3 O͑Ar͒ 1 and CH 3 O͑N 2 ͒ 1 ͔, only one of the isomers is detected for each solvent. This observation can be explained in two different ways. For the isomers with low potential energy barriers for the isomerization process, the less stable isomer can have enough energy during the cooling process to undergo isomerization. This is, for example, the situation for CH 3 O͑Ar͒ 1 and CH 3 O͑CH 4 ͒ 1 . For the rest of the clusters, the stabilization energy difference between the two isomers is large enough such that formation of only the more stable isomer can occur directly in the expansion.
The cluster shifts for all isomer 1 clusters are quite small ͑see Table II͒ . This relates to their structural similarity and the fact that the redistribution of electron density associated with electronic excitation occurs mostly for the C-O bond region of the CH 3 O radical. Isomer 1 clusters all have the solvent molecule coordinated to the hydrogen atom end of the CH 3 O for which the electron density changes very little upon electronic A←X excitation.
As can be seen in Table IV , the spectral shifts found for all the clusters do not depend on the bare molecule vibrational excitation. This means that the increasing of the bare molecule vibrational excitation does not affect the cluster binding energy. This behavior has been found in other small radical/solvent clusters ͓for example, OH͑Ar 1 ͒ ͑Ref. 44͒ and vinoxy (Ar) 1 ͑Ref. 45͔͒. This behavior indicates that the structural changes produced in the bare molecule due to the vibrational excitation do not affect the binding energy of the cluster. The similarity ͑within the present spectral resolution͒ between the rotational contours for peaks of different transitions indicates that the averaged cluster geometry itself is not affected by the bare molecule vibrational excitation. The cluster binding energy also does not seem to be greatly affected by the large change in C-O bond length ͑ϳϩ0.2 Å͒ produced upon electronic excitation. This can be verified from Table II by comparing columns E B and E B * . The change in the binding energy from ground to the electronic excited state is due mainly to a change in the atomic partial charge, polarizabilities and van der Waals radii of the C and O atoms. The absence for most of the clusters of van der Waals progressions additionally indicates vertical transitions with Franck-Condon Factors favoring the 0 0 0 transition. The above similarities notwithstanding, the form of the interaction ͑specifically the potential energy function͒ that governs the details of cluster geometry in each cluster is somewhat different. The main interaction for the CH 3 O/Ar system is dispersion because the Ar atom has no charge. Excited state behavior for this cluster is characterized by changing the C and O polarizabilities and van der Waals radii. If these values are not changed, essentially no change in binding energy is found upon electronic excitation; that is, the cluster shift is zero.
The opposite behavior is found for CH 3 O/CF 4 clusters. As can be seen in Table II , the electronic excited state binding energy calculation using the uncorrected parameters ␣ i and r i ͑taking into account only the change in the binding energy due to the electrostatic term and to the change in the CH 3 O geometry͒ is 711 cm Ϫ1 for isomer 2; i.e., 151 cm
Ϫ1
larger than for the ground state. The introduction of the correction to the parameters increases the excited state binding only 86 cm
; thus the CH 3 O/CF 4 cluster is more tightly bound in the excited state due mainly to an increase in the electrostatic interaction between the molecules.
The N 2 quadrupole moment interactions govern the cluster geometry for the CH 3 O/N 2 system. If the quadrupole moment is not considered ͑that is, if the extra charges are not added to the N 2 molecule in the cluster͒, a cluster shift of only Ϫ1 cm Ϫ1 is found for isomer 2 ͑compared with the experimental value of Ϫ124 cm Ϫ1 ͒. The introduction of the quadrupole moment not only increases the binding energy and shift, but also modifies the cluster geometry by shortening the distance between solute and solvent species. This geometry change further increases the effect of changes in ␣ i and r i for the excited state binding energy; the new parameters contribute 38 cm Ϫ1 to the total calculated shift ͑com-pared with 1 cm Ϫ1 before the introduction of the quadrupole moment͒.
Finally, the calculated spectral shift found for CH 3 O/CH 4 is ϳ4 times smaller than the experimental value. As pointed out in Sec. III, the main reason for this large observed shift is the possible onset of a chemical reaction or bonding rearrangement.
The potential energy surface expression in Eq. ͑1͒ used here gives a good starting point for cluster geometry study and spectra analysis, but fails to give a quantitatively accurate result for ͑relative͒ binding energies.
The next step in complexity in these theoretical approaches is to use ab initio calculations; however, the weak character of the van der Waals bond makes this kind of calculations difficult to perform. 46 Problems such as basis set superposition error, basis set size, and enough CI are a constant concern. On the other hand, only clusters between small molecules are amenable to calculation with this algorithm due to the increase in time for and complexity of calculation with the increase in the number of atoms. Perhaps the best current ab initio approach involves large basis sets ͑double zeta plus polarization͒, CASSCF to account for degeneracy problems, followed by either multireference CI or MP2 techniques. 47 
V. CONCLUSIONS
The structure of CH 3 O clusters with Ar, (Ar) 2 , N 2 , CH 4 , CF 4 , and (CF 4 ) 2 has been elucidate. All the clusters present similar structures, with the solvent molecules placed closed to the C-O bond. The relative importance of the different interactions that contribute to the van der Waals bond ͓see Eq. ͑1͔͒ are different for each cluster. In CH 3 O͑Ar͒ n , the interaction is mainly dispersive. For CH 3 O͑N 2 ͒ 1 , the dipolar-quadrupolar interaction plays an important role in the cluster bond. The main interaction between CF 4 and CH 3 O is due to Coulombic attraction. Finally, the binding between CH 3 O and CH 4 probably presents some reactive character.
Atom-atom potential calculations are shown to be quite useful for the determination of cluster structures, but are difficult to perform for open-shell systems especially for excited electronic states of the radical, as parameters are not available for the potentials. This problem can be partially solved using ab initio calculations. The combination of atom-atom potential calculation and rotational contour simulations allows one to determine cluster structure and to distinguish between the spectra of different cluster isomers. The calculation of cluster ground and excited state binding energies, as determined in this study through cluster spectroscopic shifts, is qualitatively, but not always quantitatively, correct.
